Abstract. The subarctic front is a thermohaline structure across the North Pacific, separating colder, fresher water to the north from warmer, saltier water to the south. Levitus's [1982] data and 72 conductivity-temperature-depth/salinity-temperature-depth sections are used to show the spatial and seasonal variations of the climatological frontal zone and the characteristics of the frontal structure in synoptic surveys. The temperature gradient in the mean frontal zone is stronger in the western Pacific and decreases eastward, while the salinity gradient has less variation across the Pacific. The temperature gradient also has larger seasonal variation, with a maximum in spring, than the salinity gradient. The synoptic surveys show that the frontal zone is narrower and individual fronts tend to be stronger in the western Pacific than in the eastern Pacific. Density gradients tend to be more compensated at the strongest salinity fronts than at the strongest temperature fronts. A horizontal minimum of vertical stability is found south of the subarctic halocline outcrop. The northern boundary of the North Pacific Intermediate Water merges with the frontal zone west of 175øW and is north of the northern boundary of the subarctic frontal zone in the eastern Pacific. The shallow salinity minima start within the subarctic frontal zone in the eastern Pacific.
Introduction
The subarctic frontal zone (SFZ), a permanent thermohaline structure across the North Pacific, has been the subject of many studies [Sverdrup et al., 1942; Dodimead et al., 1963; Uda, 1963; Roden, 1964 Roden, , 1972 Roden, , 1975 Roden, , 1977 Roden, , 1991 Camerlengo, 1982; Lynn, 1986; Roden and Robinson, 1988; Zhang and Hanawa, 1993; Yoshida, 1993; Kazmin and Rienecker, 1996] . It separates two distinct water masses: colder, freshet water to the north and warmer, saltier water to the south. The SFZ usually contains a couple of temperature and salinity fronts [Roden, 1977] . Those individual fronts are usually sharp and time dependent. The location of the SFZ, however, is rather permanent. No clear seasonal or interannual variations of the SFZ location have been found [Yoshida, •993], although seasonal variation of the strcngttl of the subarctic temperature front was detected in the western North Pacific [Roden, 1980] and central North Pacific [Kazmin and Rienecker, 1996 ] by satellite observations. Within the frontal zone, horizontal temperature anq salinity gradients in the mixed layer point in the same direction; thus the resulting density gradients are weak [Roden, 1975 [Roden, , 1977 Previous studies offer information about the subarctic front at certain locations and certain seasons. In this study we examine the temporal and spatial variabilities of the strength and location of the subarctic front across the North Pacific using both climatological data and synoptic surveys. Quantifying the density compensating nature of the front and investigating the distribution of the stability gap south of the front are the goals of this study. Other characteristics of the front, such as typical frontal zone structure and mixed layer depth across the front, are also addressed. This paper consists of two parts. The first part concentrates on the climatological frontal zone using Levitus's [1982] temperature and salinity data. The detailed frontal structure and its main characteristics are then studied using 72 cross-front conductivity-temperature-depth/salinity-temperature-depth (CTD/STD) sections in the second part of the paper. Underway data along 135øW provide an example of the actual width of an individual front. The frontal structure and characteristics in synoptic observations are compared with the climatological frontal zone. Some possible mechanisms for frontogenesis are also discussed. Levitus's [1982] gridded data are based on all available oceanographic data existing before 1978, including oceanographic station data, expendable bathythermograph (XBT) data, mechanical bathythermograph (MBT) data, and CTD/ STD data. Careful quality control and then objective analysis were applied to the data. The resulting climatological seasonal and annual mean temperature and salinity are on a 1 ø x 1 ø grid. The temperature and salinity fields are heavily smoothed in his analysis scheme. The amplitude of his response function is close to zero near a wavelength of 500 km, so that any variation with length scale less than 500 km is smoothed out. The frontal signals left in the Levitus's data represent mean and smoothed conditions. Since frontal scales in a real ocean are usually much smaller than Levitus's smoothing scale and frontal location moves with time, the mean frontal structure can be very different from a single synoptic survey. We define the subarctic temperature and salinity fronts in Levitus's [1982] data by the maximum of horizontal temperature and salinity gradients, respectively. This definition will not be applied to synoptic surveys. In this paper the subarctic front refers to the subarctic frontal zone, and the subtropical front means the subtropical frontal zone.
Climatological Subarctic Frontal Zone

The Mean Temperature and Salinity Fronts
Levitus's [1982] annual mean temperature and salinity at 10-m depth are used to investigate the climatological subarctic frontal zone in the North Pacific upper ocean. Horizontal gradients of temperature and salinity at 10-m depth are calculated. The magnitude of horizontal temperature and salinity gradients is defined as
o-I%rl-x/(c)T/c)x) 2 4-(c)T/c)y) 2 (1)
Gs-I%sl-•/(oS/Ox) 2 4-(OS/OY) 2. (2)
Horizontal temperature and salinity gradients in the western, central, and eastern North Pacific are plotted in Figure 1 . Despite heavy horizontal smoothing in the data and averaging over four seasons, high horizontal gradients in the subarctic frontal zone between 40øN and 44øN stand out significantly. The strongest annual mean subarctic temperature front is found in the western North Pacific, and the weakest front occurs in the eastern North Pacific. The subtropical frontal zone, which is near 30øN [Roden, 1980] , is very weak in the western and central Pacific and absent in the eastern Pacific in the annual mean temperature data. The strength of the subarctic salinity front has less variation across the Pacific than the temperature front. The salinity front in the central Pacific is slightly north of the salinity front in the western Pacific and is slightly stronger. The subarctic salinity front in the eastern North Pacific is the broad high gradient region centered at 33øN; Lynn [1986] reported that the subarctic front turns southward and becomes closer to the subtropical front in the eastern North Pacific. The broadness of the high gradient regions results from smoothing over the subarctic and subtropical fronts in Levitus's [1982] The subtropical temperature front is also missing at the 10-m depth in the eastern Pacific. At the depth of 10 m the subarctic temperature front starts from the coast of Japan and crosses the North Pacific between 41øN and 42øN. When it reaches 140øW, the front splits into two parts: one turns northeast, and the other shifts southward. The subtropical temperature front starts from 20øN in the western Pacific and extends northeastward. This front loses its identity east of 160øW. Two large-scale temperature fronts are found across the Pacific in the equatorial region. These two fronts coincide with the northern and southern doldrum fronts, although Roden [1974 Roden [ , 1975 suggested that they are only clearly recognized as salinity and density fronts.
The subarctic salinity front crosses the Pacific between 40 ø and 44øN in the mixed layer. Its position is slightly different from the temperature front. East of 140øW, the subarctic salinity front turns southward with the California Current and merges with the subtropical front due to the smoothing in the data. South of 20øN, the salinity fronts become noisy. The doldrum front is identifiable but not in the same location as Roden [1974 Roden [ , 1975 suggested.
Below the seasonal thermocline, which is usually at a depth of 30 m in the midlatitudes of the North Pacific, the subarctic temperature front shifts a few degrees of latitude to the north, while the subtropical temperature front shifts several degrees to the south in the central North Pacific (Figure 2c) . A clear temperature front appears at 100-m depth in the eastern Pacific, which may result from the smoothing over the subarctic and subtropical fronts. The vertical displacement of the subarctic temperature front is mainly due to the seasonal variation of the front in the mixed layer. In summer the front at 10-m depth is a few degrees of latitude south of the front at 100-m depth, which occurs at the same location of the winter surface front, in most areas of the North Pacific except in the western and eastern boundary regions (not shown here). The subarctic salinity front has the similar vertical structure. Levitus's [1982] seasonal mean data are used to show the seasonal variations of the subarctic front. Temperature and salinity gradients at 10-m depth are defined as in (1) and (2). In the western North Pacific (165øE), intensity of the subarctic temperature front (defined by the magnitude of the maximum temperature gradient) undergoes a seasonal cycle (Figure 3a) . The strongest front occurs in spring with a magnitude of 0.017øC/km, and the weakest front is found in summer. The intensity of the front is 27% stronger in spring than in summer at this longitude. This implies that unevenly distributed surface heating in spring is important in frontogenesis. The location of the subarctic temperature front apparently moves only about 2 degrees latitude annually. The position of the subtropical thermal front has a larger annual variation than the subarctic front. The resulting annual mean surface temperature gradient at the subtropical front is small (Figure 1) . The subarctic salinity front has an annual variation of 23% in its intensity. The front moves 3 degrees annually from 40 ø to 43øN in the western North Pacific (Figure 3b ).
In the central North Pacific (170øW), apparent annual motion of the subarctic temperature front is 3 degrees of latitude, from 41øN to 44øN (Figure 3c ). It has a 39% annual variation in its intensity. The front is strongest in spring with a magnitude of 0.012øC/km. This frontal strength is comparable to Kazrnin and Rienecker's [1996] zonally averaged 10-year mean gradients in the central Pacific. The subtropical thermal front has a relatively small variation of intensity in winter, spring, and fall. However, it disappears in summer because of stronger and more uniformly distributed surface heating. The subarctic salinity front has a very small annual variation in both location and intensity in the central North Pacific, as does the subtropical salinity front (Figure 3d) and is combined with the subtropical salinity front to form a broad frontal region. Again, the merger of the two fronts is largely due to the heavy smoothing applied by Levitus [1982] . The location of the maximum salinity gradient of the broad frontal zone moves 4 degrees of latitude. However, the magnitude of the maximum has a small annual variation.
Annual variations of temperature and salinity at the subarctic front are listed in Table 1 . The variability of temperature at the temperature front is the strongest in the central Pacific: 10.44øC. The variation of temperature at the front exceeds 7øC in both the eastern and western Pacific. These variations are 5-10 times larger than the maximum temperature change across 100 km in the frontal zone. The salinity at the subarctic salinity front has an annual range of 0.23%0 in both the western and central Pacific. This variation is comparable to the maximum salinity change across 100 km in the frontal zone. In the eastern Pacific the variation is double.
It is worth mentioning that the apparently annual motions of the climatological subarctic temperature and salinity fronts are not the movements of isotherms and isohalines. The maxima temperature and salinity gradients occur at different isotherms and isohalines in different seasons (Table 1) . For example, the subarctic temperature appears to migrate to the south during summer in the central Pacific (Figure 3c ) and occurs at the isotherm of 16.8øC (comparing to the isotherm of 9.11øC in winter). However, this apparent migration does not tell us if the front is advected southward and warmed up in the same time or a new front is formed in the south due to changes of surface frontogenetic forcing including solar radiation and wind stress. The subarctic front in the mixed layer is more vulnerable to the surface forcing during summer since the seasonal thermocline is at a depth of about 30 m in the midlatitude North Pacific. However, the front at permanent pycnocline may be more constrained by the general circulation and water mass distribution of the North Pacific. To understand the apparent movement of the front, we need to understand dynamical processes of subarctic frontogenesis in different seasons and at different depths.
Stability Gap in Winter
The subarctic ocean is characterized by a permanent halocline between 100 and 150 m in winter and a seasonal thermocline between 30 and 60 m in summer [Roden, 1977] . The permanent halocline outcrops near the subarctic frontal zone, so that the outcroppings of the isohalines near the top and bottom of the halocline can be used to define the subarctic frontal zone [Roden, 1991] . In winter, vertical mixing destroys the seasonal thermocline, which is formed in both gyres in summer, leaving a permanent thermocline in the subtropical gyre and a permanent halocline in the subpolar gyre. A lateral minimum in the high vertical stability associated with the permanent pycnoclines then appears south of the subarctic front because of absence of the permanent halocline and weak permanent thermocline. Roden [1970 Roden [ , 1972 termed the lateral minimum in the vertical stability the "stability gap." The gap is thus usually associated with the southern boundary of the subarctic halocline, The subarctic temperature and salinity fronts are defined by the maximum horizontal temperature and salinity gradient, respectively. which outcrops in the subarctic frontal zone. We use the horizontal minimum of vertical maximum Vfiisfilfi frequency, which was also used by Roden [1970 Roden [ , 1972 ture and salinity in the mixed layer nearly balance each other, and the resulting density gradient is weak. Synoptic surveys from the western to eastern North Pacific [Roden, 1972 [Roden, , 1975 [Roden, , 1977 show the low density gradient in the subarctic frontal zone. The extent of density compensation near the climatological frontal zone should be quantified.
The density ratio, defined by Rp = aOzT/130zS [Turner, 1973] spaced CTD/STD data from research vessels give snapshots of the frontal zone, which exhibit a rich variety of detailed structure [Roden, 1972 [Roden, , 1977 Lynn, 1986] . A few sharp individual temperature and salinity fronts can usually be found within the frontal zone. The width, penetration depth, intensity, and location of these fronts vary spatially and temporally. Roden [1984] has shown mesoscale oceanic fronts in the western North Pacific, which are related to large-amplitude density oscillations below the mixed layer. A few three-dimensional observations and satellite data show meandering of the subarctic front [Roden, 1977 [Roden, , 1980 Lynn, 1986] . By using a large number of cross-front observations, it is possible to examine whether there are general characteristics to these temporal and spatial variations and how the frontal structure differs between the eastern and western North Pacific.
In this section, temporal and spatial variations of the strength, location, and width of the synoptic subarctic frontal zone are addressed. Mixed layer depth variations and the extent of density compensation are also investigated. Most of the data used are from discrete stations, with rather coarse resolution compared with the frontal width. Continuous underway data show how sharp an individual front can be in the frontal zone.
Data
The data used in this study are CTD/STD measurements from 36 research cruises, totaling 3880 stations, in the North In section 2.2 it was seen that the annual salinity variation at the climatological subarctic front is much smaller than the temperature variation. Therefore salinity is a relatively stable tracer to define the subarctic front. Two or three separated salinity fronts often exist in the subarctic frontal zone. The outcrop of the 33.8%0 isohaline is usually found in one of these fronts (often the southernmost one). The subarctic frontal Large variations of frontal width appear along Japanese repeated sections (170øE, 175øE, and 180ø) . Each section was usually completed in several days during June or July each year. These variations may be a interannual variation. They are also likely to reflect the results of synoptic surface forcing in the shallow mixed layer. The maximum salinity gradient in the frontal zone is shown in Figure 12b . The maximum gradient varies from 0.03 to 0.3%o/10 km, except in one observation along 152øE where it reaches 0.55%o/10 km. The highest temperature gradient also occurred on the same section which was made in May 1982. The mean maximum salinity gradient over 72 sections is 0.087%o/10 km, which is 4 times Levitus's maximum salinity gradient in the subarctic front. Again, no seasonal or interannual variation is observed in the maximum salinity gradient. We do not know any other independent data to compare with our CTD/STD data on the strength of the salinity front in the subarctic frontal zone.
Although the maxima of the temperature and salinity gradients in our CTD/STD data are higher than the satellite observations mentioned above, they are still derived from the sections whose mean station spacing is 66 km. An individual oceanic front is expected to have a length scale much smaller than this station spacing. We also should bear in mind that vergence of the Ekman velocity regardless of whether it occurs in an Ekman transport convergent area or in a divergent area, since the westerlies always generate southward Ekman transport in this region. The convergence of the Ekman velocity is one frontogenetic mechanism. A detailed analysis about the effect of wind stress on the subarctic front will be presented in a following paper.
Density Compensation in the Frontal Zone
Weak density gradients and strong, compensated temperature and salinity gradients have been observed in the subarctic front [Roden, 1972 [Roden, , 1975 [Roden, , 1977 . We use the same method which was applied to the Levitus [1982] The mean aOyT and mean 13OyS are compared with mean density change in the frontal zone (Figure 16 ). In most sections, weak density gradients exist, although they are usually smaller than either temperature or salinity gradients. The temperature gradients are often the largest. Occasionally, the temperature and salinity gradients completely compensate each other, with the resulting density gradient equal to zero. Large temporal variations exist along 170øE, 175øE, 180 ø, and 175øW because repeated surveys were done along these longitudes. The largest density gradient is found along 165øE, which was taken in August 1992. The two other surveys along the same longitude were taken in November 1983 and October 1984 and show relatively small density gradients. The synoptic observations along 165øE are consistent with Levitus's [1982] The subarctic frontal zone consists of one to several temperature and salinity fronts. The horizontal temperature and salinity gradients between the fronts are much weaker than at the fronts. The weak salinity gradients can generate very large density ratios. These weak gradients bring the cross-frontalzone averaged density ratio to the background level. They also cause the noisy Turner angles within the frontal zone ( Figure  17 ). To investigate how much the density gradient is compensated at the individual fronts, we choose the strongest available temperature and salinity fronts within the subarctic frontal zone from each section. The strongest salinity front may not occur at the same place of the strongest temperature front in the same section. Density ratio is calculated at these fronts without horizontal smoothing and then averaged over 72 sections. The mean density ratio at the strongest temperature fronts is 2.10, which is very close to the cross-frontal-zone average. The standard deviation of this mean is 3.69, implying very large variations between the sections. The mean density ratio at the strongest salinity fronts is 0.96 with a relatively smaller standard deviation of 0.51. The density gradient tends to be more compensated at the strongest salinity fronts than at the strongest temperature fronts. Another characteristic of the subarctic front is its depth which varies significantly across the North Pacific. West of 165øE (including 165øE), the salinity front can penetrate down from 350 to more than 800 m. However, the depth varies from 180 to only 400 m east of 165øE. The longitudinal variation of the temperature front depths is less than the salinity fronts. Density fronts usually exist in the subarctic frontal zone below the mixed layer across the North Pacific, even though they are quite weak in the mixed layer. The density fronts, as well as associated baroclinic currents, are much stronger in the western boundary current region than in the rest of the North Pacific.
Discussion
We hypothesize that the subarctic front is initiated at the Oyashio front in the western North Pacific and advected across the North Pacific by the North Pacific Current and the Subarctic Current. In the eastern boundary current region the subarctic temperature and salinity fronts turn southward with the California Current. The southward turning fronts are observed in both Levitus's [1982] data and synoptic surveys [Lynn, 1986 ]. Levitus's [1982] temperature data also show a northward turning branch in the eastern North Pacific. However, there are insufficient synoptic observations to confirm the northward turning temperature front. Horizontal turbulent mixing should tend to disperse and weaken the front on its approximately 6000 km journey across the ocean. Our data show that the frontal zone is narrower and individual fronts are relatively stronger in the west than in the east, which are supportive of this hypothesis. Nevertheless, sufficient local frontogenesis along its path is needed to maintain the sharpness of individual fronts. Roden [1977] Kazmin and Rienecker [1996] also showed the importance of the first three frontogenesis mechanisms in the central North Pacific. They showed that the sum of Ekman convergence and meridional derivative of surface heat flux has a significant seasonal variability. Its maximum occurs near the subarctic front during summer and moves to south of 30øN in winter. Frontogenesis due to the meridional variability of Ekman pumping (from wind stress and Levitus's data) also has a maximum near 42øN only in summer.
The strong seasonal signal in the above frontogenetic terms does not match the relatively stable frontal location. The three processes that Kazmin and Rienecker [1996] showed may be the major frontogenesis mechanisms during summer. Different processes have to be considered for other seasons. Unevenly distributed turbulent flux is another frontogenetic mechanism. In a following paper a wind stress analysis will show that the energy at synoptic timescales haS a high meridional gradient across the subarctic front especially in the western North Pacific. Roden [1977] parameterized convective turbulent fluxes and showed that they cause frontolysis in the subarctic frontal area. However, other forms of turbulent mixing, such as wind stirring in the mixed layer and entrainment at the base of the mixed layer, can be frontogenetic. These two forms of turb ulent mixing are directly related to the wind stress at the synoptic timescale.
The most important factor in forming the subarctic front is the outcrop of the subarctic permanent halocline. This outcrop is so prominent that we use the outcrops to define the frontal zone. In the western North Pacific the salty water from the Kuroshio meets the fresh Oyashio water in the mixed water region, creating a high surface salinity gradient. A strong temperature contrast is also created by the northward moving warm water and the southward moving cold water in the western boundary current region. When the Oyashio separates from the western boundary, the accompanying high surface temperature and salinity gradients are advected eastward. If there is enough frontogenesis to maintain the high temperature and salinity contrasts, they will be advected across the North Pacific as a major frontal zone.
Unlike the mean temperature front in the Levitus' data the mean salinity front is not weakened eastward. In the synoptic sections the strongest individual salinity fronts weaken less toward the east than the strongest temperature fronts. This implies that salinity frontogenesis is relatively stronger than temperature frontogenesis in the eastern North Pacific. As we know the lowest surface salinity is found in the eastern subpolar gyre due to excess runoff and precipitation there. This may cause the meridional salinity gradient across the gyre boundary to be stronger in the eastern Pacific than in the western Pacific. In the eastern Pacific, both the Ekman advection and geostrophic flow contribute to transport the surface subarctic water into the subtropical gyre, where it meets the high-salinity subtropical surface water. This enhances the subarctic salinity front. On the other hand, the meridional temperature gradient across the gyre boundary is weaker in the eastern Pacific than in the western Pacific. The same amount of subarctic surface water flushed into the subtropical gyre will create less temperature gradient than salinity gradient. So local frontogenetic processes should be more favorable to the salinity front in the eastern Pacific. As shown in section 2.4 the subarctic front occurs in the transition area between temperature-dominated regime and salinity-dominated regime in the western and central Pacific. It, however, appears south of the transition area in the eastern Pacific (Figure 7) . The stronger salinity front generates a small density gradient in the frontal zone even though the frontal zone occurs in the temperature-dominated regime (Figure 7) . That explains why the subarctic front is in the temperature-dominated regime yet is still density compensating in the eastern Pacific.
Summary
The analysis in this study provides a climatological background for the subarctic frontal zone and detailed structure of the frontal zone based on the synoptic surveys. The position and shape of the climatological frontal zone may not agree with synoptic observations due to the heavy smoothing in Levitus's [1982] data and time dependence. Major characteristics of the mean frontal zone in Levitus's [1982] data are summarized as following.
The subarctic frontal zone is a well-defined temperature and salinity front across the North Pacific in the heavily smoothed Levitus [1982] Similar to the climatological frontal zone, the frontal zone in synoptic data largely occurs at the transition area between gyres. Temperature gradients dominate to the south in the subtropical gyre, while salinity gradients dominate to the north in the subpolar gyre. Density gradients tend to be more completely compensated at the strongest individual salinity fronts than at the strongest temperature fronts in the subarctic frontal zone. The mean density ratio at the strongest salinity fronts is 0.96, and the mean density ratio at the strongest temperature fronts (2.10) is very close to the background density ratio in the midlatitudes (30 ø to 50øN) 
